To gain insight into the mechanisms by which Lactobacillus blocks the adherence of uropathogens to vaginal epithelial cells and inhibits their growth, 15 Lactobacillus strains and 22 uropathogens were studied. Lactobacilli from hemagglutination group III, identified as Lactobacillus crispatus, showed greater capacity to block uropathogen adherence than those from hemagglutination groups II and I (61.9%, 49.5%, and 52.6% of blockage, respectively). Pseudomonas aeruginosa PA5 and Klebsiella pneumoniae KP7 were the uropathogens most susceptible to blockage, and Staphylococcus aureus SA11 and Proteus mirabilis PM1 were the most resistant. Lactobacillus inhibited uropathogen growth better in liquid assays; the 3 Lactobacillus groups showed similar inhibitory power (72.3%, 71.9%, and 74.2% of light transmittance). P. aeruginosa PA5 was the most inhibited, and Enterococcus species E15 was the least inhibited. There is considerable variation among Lactobacillus strains regarding their adherence to uroepithelium, blockage of uropathogen attachment, and inhibition of uropathogen growth. Although these properties are independent, they may coincide and therefore allow for these strains to balance the vaginal ecosystem and to make them useful as probiotics.
In healthy women, the vagina is a balanced ecosystem. The normal vaginal flora, particularly Lactobacillus species, play a role in protecting the vagina against colonization by pathogenic microorganisms that can cause urinary tract infection and sexually transmitted disease. Lactobacillus is the predominant (10 7 -10 8 cfu per gram of fluid) microorganism [1, 2] present in the vagina and also forms part of the normal flora of the oral cavity and digestive tract. The majority of the infective strains involved in the pathogenesis of urinary infection have their origin in the intestinal tract [3, 4] . In women, these fecal microorganisms successively colonize the perineum, the vagina, and the periurethra and ascend until they reach the bladder. The adherence of the uropathogens to the epithelial cells is a critical step during the stage of vaginal colonization. The suggested mechanisms [5] [6] [7] by which Lactobacillus protects the vagina from colonization by uropathogens can be summarized as competition for the adhesion receptors (interference and coaggregation), competition for nutrients, and production of antimicrobial substances (H 2 O 2 , lactic acid, bacteriocins, and bacteriocin-like substances). Not all lactobacilli express these properties with the same intensity; on the contrary, there are important differences among strains [8] [9] [10] .
In a previous study [9] , we investigated how a collection of wild-type lactobacilli isolated from vaginal flora of young women adhere to vaginal epithelial cells (VECs). Lactobacilli from group I hemagglutinated sheep, rabbit, and human red blood cells adhered poorly to VECs, and 68% of them produced H 2 O 2 . Lactobacilli from group II hemagglutinated sheep and human red blood cells, but not rabbit blood cells, adhered in large numbers to VECs, and were identical in protein profiles and DNA-DNA hybridization; in addition, 100% produced H 2 O 2 . Group III lactobacilli hemagglutinated all blood types studied, adhered avidly to VEC, and had identical protein and hybridization patterns (different from those of group II); 86% of them produced H 2 O 2 .
The aim of the present study was to characterize certain properties of Lactobacillus that could be related to its regulatory activity on the vaginal ecosystem. For this purpose, we studied the capacity of Lactobacillus to block the adherence of uropathogens to VECs and its capacity to inhibit the growth of such uropathogens.
Materials and Methods
Bacterial strains. We selected 15 H 2 O 2 -producing Lactobacillus strains. Their distribution within the hemagglutination groups, as described elsewhere [9] , was as follows: 4 from group I (5, 21, 30, and 55), 4 from group II (25, 56, 59, and 68), and 7 from group III (11, 28, 35, 38, 39, 41, and 65 ). In the previous study, these lactobacilli were identified to the genus level because of the lack of accuracy of conventional methods to identify species. Later, lactobacilli from groups II and III were identified at the species level at the Department of Obstetrics and Gynecology (University of Washington, Seattle), using whole-chromosomal DNA probes to 20 American Type Culture Collection Lactobacillus strains [1] . The 4 lactobacilli from group II were identified as L. jensenii and the 7 from group III were identified as L. crispatus. Twenty-two uropathogens were used: 4 Escherichia coli, EC26 (type 1 fimbriae, P fimbriae, and X adhesin), EC16 (type 1 and P fimbriae), EC28 (type 1 fimbriae), and EC4 (no fimbriae and no X adhesin) [11, 12] ; 3 Pseudomonas aeruginosa, PA4, PA5, and PA6; 3 Proteus mirabilis, PM1, PM2, and PM3; 3 Klebsiella pneumoniae, KP7, KP8, and KP9; 3 Staphylococcus aureus, SA10, SA11, and SA12; 3 S. saprophyticus, SS9, SS25, and SS28; and 3 Enterococcus species, E13, E14, and E15. All strains had been isolated from women with urinary tract infections who were treated at our hospital. Lactobacilli and uropathogens were stored at Ϫ70ЊC in trypticase soy broth with 5% glycerol.
VECs. VECs were collected on days 17 and 18 of the menstrual cycle from 2 healthy volunteers 18-35 years old, with no history of recurrent urinary tract infection, no antimicrobial treatment in the previous 3 weeks, and no use of spermicides or oral contraceptives. These 2 women were selected from among 10, because their VECs were the most adherent to lactobacilli. VECs were collected by selfextraction with sterile swabs; were resuspended in 30 mL of McIlvaine buffer (pH 4.4); were washed 6 times in McIlvaine buffer; were suspended in a medium containing 5% dimethyl sulfoxide, 10% fetal calf serum, and 85% minimal essential medium (Gibco); and were frozen in aliquots at Ϫ70ЊC. For the assays, cells from 2 volunteers were thawed quickly and pooled, and were washed again twice in McIlvaine buffer. Gram's stain was used to confirm the absence of saprophytic flora. The pool was discarded when we observed 15 lactobacilli attached to 10 VECs. Two of 70 pools had to be discarded.
Adherence assay. To study the capacity of lactobacilli and uropathogens to adhere to VECs, we used a technique described elsewhere [9] , with some modifications. Lactobacillus was sequentially subcultured in deMan, Rogosa, and Sharpe (MRS) broth (Difco Laboratories) at 37ЊC in 5% CO 2 , first for 48 h and then for 24 h. The uropathogens were inoculated in brain-heart infusion broth (Becton-Dickinson) and were incubated at 37ЊC, twice for 24 h each time in the case of gram-negative bacilli or for 48 h while shaking in the case of gram-positive cocci. The bacterial inoculum was cfu for lactobacilli, cfu for gram-negative ba- 8 8 1 ϫ 10 1 ϫ 10 cilli, and cfu for gram-positive cocci. These amounts had 8 12 ϫ 10 been assessed previously in several assays and were selected, because the adhesion of lactobacilli, gram-negative bacilli, and grampositive cocci to VECs was found to be high but still easy to count; they also had a minimum number of free bacteria between cells. An assay with Lactobacillus 35 and VECs was included with each trial as a control. Bacterial adhesion to VECs was assessed by microscopy (ϫ1000) after Gram's stain. The number of microorganisms attached to 50 consecutive VECs was counted.
Blockage of adherence. Three types of assays were performed to study the capacity of Lactobacillus to block the adherence of uropathogens to VEC: blockage by exclusion, by competition, and by displacement. The techniques we used have been described elsewhere [10, 13] . In brief, they were as follows. For the exclusion assay, VECs (10 5 ) and lactobacilli ( ) were incubated together (37ЊC, 2.5 8 1 ϫ 10 h), and uropathogens ( cfu of gram-negative bacilli or 8 1 ϫ 10 cfu of gram-positive cocci) were added later (37ЊC, 2.5 h). 8 12 ϫ 10 For the competition assay, VECs, lactobacilli, and uropathogens (the same amounts as for the exclusion assay) were incubated together (37ЊC, 2.5 h). For the displacement assay, VECs and uropathogens were incubated together, and lactobacilli were added later (the same quantities and conditions as in the exclusion assay).
Blockage of adherence by exclusion was performed with the 15 lactobacilli against the most adherent strain of uropathogen in each species (i.e., E. coli EC26, P. aeruginosa PA5, P. mirabilis PM1, K. pneumoniae KP7, S. aureus SA11, S. saprophyticus SS25, and Enterococcus E15). Blockage by competition and by displacement were performed by using Lactobacillus 35 and 11 (selected because both showed good adherence to VECs, and, among group III, Lactobacillus 35 and Lactobacillus 11 presented the best and the worst blockage, respectively, of E. coli by exclusion) and by using E. coli EC26 and S. saprophyticus SS25 (selected because they are frequent agents of urinary infection in young women). Lactobacilli and uropathogens were subcultured in the media and conditions described in the adherence assays. Before each assay, the samples were incubated at 37ЊC for 30 min, to favor the regeneration of their surface structures [14] .
In each trial, 3 types of controls were performed: an assay including VECs plus each uropathogen studied, to calculate the mean of attachment of the uropathogen; assays including VECs and each lactobacilli studied, to calculate the mean of attachment of the lactobacilli; and assays including VECs plus Lactobacillus 35 and VECs plus E. coli EC26, to measure reproducibility. Gram stain was used to quantify the bacteria adhering to VEC. The blocking effect was determined by comparing the mean of the attachment of the uropathogens with and without lactobacilli.
Inhibition of growth. The capacity of Lactobacillus to inhibit the growth of uropathogens was studied in liquid and in solid media. Uropathogens were inoculated in brain-heart infusion broth and were incubated for 24 h at 37ЊC. Gram-negative bacilli were studied in aerobic atmosphere, and gram-positive cocci were studied in 5% CO 2 . Lactobacillus strains were grown in MRS broth at 37ЊC with 5% CO 2 for 48 h. Assays in both solid and liquid media were carried out with the 15 Lactobacillus against the following 7 uropathogens: E. coli EC16, P. aeruginosa PA5, P. mirabilis PM1, K. pneumoniae KP8, S. aureus SA11, S. saprophyticus SS25, and Enterococcus E15.
The assay in solid medium was performed with the agar overlay method [10] , with minor modifications. Lactobacilli ( cfu) 6 2.5 ϫ 10 were added to 14 mL of Columbia agar (Difco) with 5% yeast extract and were allowed to set in a petri dish. Seven milliliters of the same media without lactobacilli was poured over the first layer, was allowed to set, and was incubated at 37ЊC in 5% CO 2 . Twenty-four hours later, gram-negative bacilli ( cfu) or gram-positive cocci 4 1 ϫ 10 ( cfu) were inoculated onto the top layer. Two controls were 4 4 ϫ 10 included in each trial: an assay with each uropathogen studied without lactobacilli and an assay with Lactobacillus 35 against E. coli EC16.
Scores from 0 to 2 were assigned to the results: 0, no inhibition; 1, partial inhibition; and 2, complete inhibition of growth. In the liquid assay [15, 16] , lactobacilli ( to cfu) were 6 6 1. inoculated into 2.5 mL of MRS broth, were incubated at 37ЊC with 5% CO 2 during 24 h, and were centrifuged. The supernatant was filtered through a 0.22-mm filter. One milliliter of this supernatant was added to a tube containing 3 mL of brain-heart infusion broth and cfu of gram-negative bacilli or cfu of gram- 4 4 1 ϫ 10 4 ϫ 10 positive cocci. The tubes were incubated at 37ЊC with 5% CO 2 during 24 h. Two controls were included in each trial: an assay with each uropathogen studied without the lactobacilli filtrate and an assay with E. coli EC16 plus Lactobacillus 35 filtrate (Nefelometre V1210; Vitek, BioMérieux). Growth inhibition was determined by measuring the percentage of light transmittance in a colorimeter.
Statistical analysis. The blocking effect was determined by the Student's t test for paired samples. The SPSS statistical software package (version 6.02; SPSS) was used to analyze the data.
Results

Adherence assay.
Lactobacilli from groups III and II showed great adherence capacity, with a mean of 147.5 and 142.3 microorganisms per VEC, respectively, whereas lactobacilli from group I adhered less well to VEC, with a mean adherence of 57.7. Of all lactobacilli studied, Lactobacillus 35 from group III was the most adherent, with a mean of 161.7, and Lactobacillus 5 from group I was the least adherent, with a mean of 20.4 Blockage of adherence. The results of the blockage of the adherence by exclusion are detailed in tables 1 and 2. The blocking effect for the same uropathogen varied greatly among the lactobacilli, including strains from the same hemagglutination group. Group III lactobacilli showed higher activity than lactobacilli from the other 2 groups (61.9%, 49.5%, and 52.6% of blockage for groups III, II, and I, respectively). Among all the strains studied, Lactobacillus 35 from group III displayed the greatest efficacy, being able to block adherence of 78.8% of gram-negative bacilli and 67.8% of gram-positive cocci. P. aeruginosa PA5 and K. pneumoniae KP7 were the uropathogens most susceptible to blockage (87.6% and 81.4%, respectively), and P. mirabilis PM1 and S. aureus were the most resistant (32%).
We observed important differences in the capacity of Lactobacillus to block E. coli adherence. Groups I and II showed little activity (9.7% and 30.9%), although group III showed better activity (58.6%), particularly Lactobacillus 35 (79.8%). In the assays assessing blockage of adherence by competition, Lactobacillus 11 and 35 were able to block 30.5% and 49.7%, respectively, of E. coli EC26 adherence and 0% and 54.1%, respectively, of S. saprophyticus SS25 adherence. In the assays assessing blockage of adherence by displacement, Lactobacillus 11 and 35 showed some degree of blockage against E. coli EC26 (5% and 21.2%, respectively) and against S. saprophyticus SS25 (56.7% and 43%, respectively).
Inhibition of growth. In solid medium, lactobacilli showed poor ability to inhibit uropathogen growth (table 3) . Only Lactobacillus 35 from group III was able to completely inhibit all the uropathogens studied. From the same group, Lactobacillus 11 inhibited P. aeruginosa completely and S. aureus and Enterococcus partially; and Lactobacillus 65 inhibited S. aureus completely and S. saprophyticus and Enterococcus partially. Thus, there were enormous differences among the lactobacilli in their ability to inhibit the growth of uropathogens.
Lactobacillus showed greater inhibitory power in liquid medium (table 4). All the lactobacilli studied inhibited uropathogen growth, without important differences among them. Globally, lactobacilli from the 3 groups showed the same inhibition capacity against gram-negative bacilli (75.3%, 75.3%, and 75.6% of light transmittance for groups I, II, and III, respectively), whereas lactobacilli from group I better inhibited grampositive cocci (73.1%, 68.4%, and 68.9%). Individually, Lactobacillus 25 from group II, Lactobacillus 5 from group I, and Lactobacillus 41 from group III showed the greatest inhibitory activity. P. aeruginosa was the uropathogen most susceptible to inhibition, and Enterococcus was the most resistant.
Discussion
This study has sought to provide insight into the mechanisms through which Lactobacillus plays an important role in the ecosystem of the human vagina. We conclude that selected Lactobacillus strains are able to block the attachment of uropathogens to vaginal epithelium and, moreover, are able to excrete substances that inhibit their multiplication, which are 2 important steps in the pathogenesis of urinary infections.
Adherence to VECs varied greatly among the different lactobacilli and uropathogens studied. As in our previous study [9] , lactobacilli in groups II and III adhered better than did those in group I, but, in the present work, the means of adherence were higher, probably because the Lactobacillus inoculum was 10-fold larger. We found that the uropathogen with the greatest adherence was E. coli EC26, which has 3 types of adhesins. In contrast, E. coli EC4, which has no adhesins [11, 12] , showed lower adherence. P. mirabilis PM3 was the least adherent gram-negative bacilli. The means of adherence of gram-positive cocci were relatively greater than those of gramnegative bacilli, a finding probably explained by their 12-fold greater inoculum. In fact, we did not attempt to assess uro- pathogen adhesion to VECs but, instead, the most suitable inoculum of bacteria for the blocking assays. This work investigated the blockage of the adherence of uropathogens, mainly analyzed from the perspective of blockage by exclusion, in which lactobacilli adhering to vaginal cell receptors exclude the attachment of recently arrived uropathogens. In the competition assays, lactobacilli and uropathogens inoculated simultaneously compete for the receptors, whereas in the displacement assays, the previously attached uropathogens are displaced by the recently inoculated lactobacilli. In the exclusion assays, we found enormous differences among the lactobacilli in their ability to block the adherence of uropathogens to VECs. Moreover, the same Lactobacillus displayed different blocking capacity according to the uropathogen studied. For instance, Lactobacillus 55 blocked 4.2% of E. coli adherence and 85% of K. pneumoniae adherence. Overall, the lactobacilli in group III showed the greatest blocking activity against 5 of 7 uropathogens tested, including E. coli, which is the most frequent agent causing urinary tract infection. Among group III, Lactobacillus 35, the most effective in blocking uropathogens, was also the one with greatest adherence to VECs.
The mechanisms by which the same Lactobacillus strain displays different blocking activity against different uropathogens are unknown. Our results on blockage by exclusion seem to indicate that the basis of this varying activity probably resides in the VEC receptors; lactobacilli attached to their specific receptors would block the K. pneumoniae and P. aeruginosa receptors with a nonspecific mechanism better than P. mirabilis and S. aureus receptors. Another possibility is that certain lactobacilli and certain pathogens bind to the same receptor, and the one with higher affinity is able to displace the other [5] .
It is difficult to establish comparisons between our blockage results and those reported by Spencer et al. [17] , Jin et al. [18] , and Reid et al. [10] , because of the diverse epithelial cells (human uroepithelium, human vaginal epithelium, and enterocytes from pigs or fowl), Lactobacillus and uropathogen strains, and methodologies used. The results comparing blockage of E. coli EC26 and S. saprophyticus SS25 to VECs, by using the exclusion, competition, and displacement mechanisms, were quite different and are difficult to explain. Lactobacillus 11 was able to block adherence of half of S. saprophyticus by exclusion and competition but not by displacement, whereas Lactobacillus 35 was able to block by all 3 mechanisms. Boris et al. [5] demonstrated that Lactobacillus acidophilus blocks the adherence of Gardnerella vaginalis by displacement and competition, but not by exclusion.
In a healthy vagina, lactobacilli probably block uropathogens by exclusion, but, in scenarios of a high risk of urinary infection (i.e., when the Lactobacillus population is very low and the vagina is colonized by uropathogens [19, 20] ), the capacity of lactobacilli to displace previously attached pathogens can be one of the clues to their success as probiotics. In the present study and in other studies [10] , the more adherent lactobacilli were generally also those with greater blocking capacity. However, some lactobacilli from group I showed little adherence power but a blocking capacity similar to the more adherent lactobacilli from the other 2 groups, suggesting that the mech- 
